The ability of adeno-associated virus serotype 1 to 8 (AAV1 to AAV8) vectors expressing the human immunodeficiency virus type 1 (HIV-1) Env gp160 (AAV-HIV) to induce an immune response was evaluated in BALB/c mice. The AAV5 vector showed a higher tropism for both mouse and human dendritic cells (DCs) than did the AAV2 vector, whereas other AAV serotype vectors transduced DCs only poorly. AAV1, AAV5, AAV7, and AAV8 were more highly expressed in muscle cells than AAV2. An immunogenicity study of AAV serotypes indicates that AAV1, AAV5, AAV7, and AAV8 vectors expressing the Env gp160 gene induced higher HIV-specific humoral and cell-mediated immune responses than the AAV2 vector did, with the AAV5 vector producing the best responses. Furthermore, mice injected with DCs that had been transduced ex vivo with an AAV5 vector expressing the gp160 gene elicited higher HIV-specific cellmediated immune responses than did DCs transduced with AAV1 and AAV2 vectors. We also found that AAV vectors produced by HEK293 cells and insect cells elicit similar levels of antigen-specific immune responses. These results demonstrate that the immunogenicity of AAV vectors depends on their tropism for both antigen-presenting cells (such as DCs) and non-antigen-presenting cells (such as muscular cells) and that AAV5 is a better vector than other AAV serotypes. These results may aid in the development of AAV-based vaccine and gene therapy.
then present the AAV-encoded antigen to T cells (46, 65) . Other AAV serotypes may have advantages as vaccine vectors because AAV serotypes differ in their tissue and/or cell tropism (23, 25, 30, 47) . For example, AAV1 and AAV7 are more efficient than AAV2 for the transduction of skeletal muscle (21, 60) , while AAV3 is superior for the transduction of megakaryocytes (27) . AAV5 and AAV6 infect apical airway cells more efficiently (24, 68) . AAV2, AAV4, and AAV5 infect cells of the central nervous system; however, differences with regard to the distribution and target cell types exist among these three serotypes (68) .
AAV is a small, single-stranded DNA virus that lacks an envelope. This virus requires a helper virus to facilitate efficient replication. The genome of wild-type AAV is known to integrate into the human genome at a specific site on chromosome 19q (36) . However, in nondividing cells, AAV vector genomes mostly adopt the form of concatameric circular episomes that comprise active transcriptional units (16, 54) . AAV is currently the only nonpathogenic viral vector that has been shown to mediate long-term gene expression without causing toxicity in vivo. Using this vector system, exogenous genes have been efficiently transferred into a number of tissues, including brain (18) , muscle (29) , lung (19) , gut (17) , liver (55) , and eye (37) . A human clinical trial of AAV2 has been conducted (34, 41) .
The objectives of the present study were (i) to compare the immunogenicities of AAV serotypes (1 to 8) expressing human immunodeficiency virus (HIV) Env gp160 in BALB/c mice, (ii) to compare the immunogenicities of AAV serotype vectors produced by HEK293 cells and insect cells, and (iii) to evaluate the mechanisms involved in the observed responses.
MATERIALS AND METHODS
AAV production. AAV vectors were generated as described previously (65, 66) . In brief, a lacZ gene or a fragment containing HIV Env gp160 and Rev coding genes, which were derived from the HIV IIIB strain, was subcloned into a shuttle vector containing the cytomegalovirus (CMV) promoter, poly(A), and the AAV2 inverted terminal repeat (the AAV5 inverted terminal repeat was used for construction of the AAV5 vector; the AAV2 inverted terminal repeat was used for other AAV serotype vectors). We included a Rev coding gene in the construct because expression of HIV Env gp160 is dependent on Rev protein. This approach resulted in increased HIV Env gp160 protein expression in vitro and enhanced immune responses against HIV Env gp160 in vivo (33) . The recombinant shuttle vector was packaged by triple transfection of HEK293 cells with an adenovirus helper plasmid, a chimeric packaging construct in which the AAV2 Rep gene was fused to the cap gene derived from either AAV serotype, and a shuttle vector plasmid to produce pseudotypes AAV2-based AAV1-LacZ, AAV2-LacZ, AAV3-LacZ, AAV4-LacZ, AAV5-LacZ, AAV7-LacZ, and AAV8-LacZ or AAV1-HIV, AAV2-HIV, AAV3-HIV, AAV4-HIV, AAV5-FIG. 1. Transduction of mouse muscle by AAV serotype vectors. AAV LacZ-expressing vectors (10 10 vp) were injected intramuscularly into five mice/group. ␤-Galactosidase activity in the muscle was examined 2 weeks later using the Beta-Glo Assay System. An asterisk indicates a significant difference between the two groups (P Ͻ 0.05). RLU, relative light units.
HIV, AAV7-HIV, and AAV8-HIV vectors. The AAV vectors were purified by the standard cesium chloride sedimentation method (65, 66) . The titer was determined by quantitative DNA dot blot hybridization.
The insect cell-produced AAV vectors (BacAAVs) were generated as described previously (58) . The fragment containing the CMV promoter, HIV Env gp160 and Rev coding genes, and poly(A) was excised from the AAV shuttle vector by using NotI; the resulting fragment was inserted into the corresponding site of a baculovirus transfer plasmid between the serotype 2 or 5 inverted terminal repeats. Recombinant baculoviruses were generated by using the Bacto-Bac baculovirus expression system (Invitrogen, Carlsbad, CA). Recombinant baculoviruses containing the HIV Env gp160 and Rev coding genes; an AAV Rep of serotypes 1, 2, and 5; and an AAV1, AAV2, or AAV5 capsid were used to infect insect cells in order to produce BacAAV1-HIV, BacAAV2-HIV, and BacAAV5-HIV vectors, respectively. The AAV vectors produced were purified by two rounds of ultracentrifugation with a standard cesium chloride density gradient (65, 66) . The titer was determined by quantitative DNA dot blot hybridization.
In vivo expression of ␤-galactosidase. The AAV-LacZ vector (10 10 viral particles [vp]/mouse) was injected into mouse muscle. Two weeks after the administration, the mouse was sacrificed and the ␤-galactosidase activity in the muscle was monitored periodically from 1 week through 6 months after administration by using the Beta-Glo Assay System (Promega, Madison, WI).
Mouse DC preparation. DCs were isolated from BALB/c mouse bone marrow, as described previously (7, 62) . In brief, the bone marrow was obtained from the tibia and femur of BALB/c mice. The DCs at a density of 5 ϫ 10 5 cells/ml were cultured in RPMI 1640 medium containing 10% fetal calf serum, 1 ng/ml recombinant granulocyte-macrophage colony-stimulating factor (GM-CSF; Kirin Beer Corp., Tokyo, Japan), and recombinant interleukin-4 (IL-4) for 6 days. Transduction of AAV vectors to mouse cells. Immature mouse DCs were stained with phycoerythrin (PE)-conjugated anti-mouse CD11c antibody (clone N418; eBioscience, Boston, MA). The CD11c ϩ DCs were sorted using a MoFlo Cell Sorter (Takara Bio Corp., Tokyo, Japan). The cells were transduced with LacZ-expressing serotype AAV vectors at 37°C at 10 3 to 10 5 vp/cell for 2 days. The transduced cells were washed with phosphate-buffered saline (PBS) and stained with 40 mM X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) in staining buffer [5 mM K 3 Fe(CN) 6 , 5 mM K 4 Fe(CN) 6 , 2 mM MgCl 2 in PBS] at 37°C for 2 h. The ␤-galactosidase activity was detected by using the Beta-Glo Assay System (Promega). To count LacZ-expressing cells, the sorted CD11c ϩ DCs were treated with 1 M of fluorescein digalactoside (FDG; Molecular Probes, Eugene, OR) followed by flow cytometric analysis (the data are shown in Fig. 2b ). The enriched, unsorted DCs were transduced with LacZ-expressing serotype AAV vectors at 37°C at 10 5 vp/cell for 2 days. The cells were stained with anti-mouse CD11c antibody and treated with FDG followed by flow cytometric analysis (the data are shown in Fig. 2c) .
The mouse DCs used in this study were derived from GM-CSF-and IL-4-treated bone marrow cells. To explore the efficiencies of transduction of AAV serotype vectors to hematopoietic cells, unpurified mouse splenocytes and bone marrow cells were transduced with LacZ-expressing serotype AAV vectors at 10 anti-mouse CD3e (clone145-2C11), PE-conjugated anti-mouse CD11b (clone M1/70), or PE-conjugated anti-mouse CD19 (clone MB19-1) (all antibodies were from eBioscience) followed by flow cytometric analysis for staining T cells, macrophages, and B cells, respectively.
Human DC preparation. To explore the transduction efficiencies of AAV serotype vectors to human cells, human peripheral blood mononuclear cells (PBMCs) and an enriched population of PBMC-derived immature DCs were prepared as previously described (67) . Briefly, human PBMCs were isolated from the blood of a healthy person using Lymphoparu I (Immune Biological Laboratory, Gunma, Japan) according to the manufacturer's instructions. Fresh human PBMCs at 3 ϫ 10 6 cells/ml in RPMI 1640 medium were dispensed into individual wells of 12-well plates (1 ml/well), which had been previously coated with autologous plasma for 30 min at 37°C. The PBMC cultures were allowed to incubate at 37°C for 1 h. After gentle washing with serum-free RPMI 1640 medium, the adherent cells were cultured in Iscove's modification of Dulbecco modified Eagle medium (2 ml/well) containing human GM-CSF (500 ng/ml) and IL-4 (200 g/ml) (both from Pierce Biotechnology, Rockford, IL) for 5 days.
Transduction of AAV vectors to human cells. The human PBMCs and an enriched population of PBMC-derived immature DCs were transduced with LacZ-expressing serotype AAV vectors at 10 5 vp/cell at 37°C for 2 days. The AAV-transduced DCs were treated with 1 M of FDG, and AAV-transduced PBMCs were treated with FDG and PE-conjugated anti-human CD11c (clone 3.9), PE-conjugated anti-human CD3 (clone HIT3a), PE-conjugated anti-human CD11b (clone ICRF44), or PE-conjugated anti-human CD19 (J4-166) (all antibodies were from eBioscience) followed by flow cytometric analysis for staining DCs, T cells, macrophages, and B cells, respectively.
Western blot analysis. To confirm the expression of HIV Env gp160, HEK293 cells were transduced with the AAV vectors encoding the HIV gene in a six-well plate. Two days posttransduction, the cells were washed in PBS and lysed with 0.1 M Tris-HCl (pH 7.8) and 0.125% Nonidet P-40. The cell lysates were mixed with an equal volume of 2ϫ sodium dodecyl sulfate buffer (125 mM Tris-HCl, pH 6.8, 4% sodium dodecyl sulfate, 20% glycerol, 0.01% bromophenol blue, and 10% ␤-mercaptoethanol) and boiled for 10 min. Then the cell lysates were loaded on an 8% polyacrylamide gel and transferred to a Hybond ECL nitrocellulose membrane (Amersham Pharmacia Biotech, Buckinghamshire, England). The HIV gp160 and ␤-actin proteins were detected using a mouse anti-HIV gp120 monoclonal Ab (MAb) (hybridoma 902; AIDS Research and Reference Reagent Program, National Institutes of Health, Maryland) and an anti-human ␤-actin MAb (Sigma), respectively. An affinity-purified horseradish peroxidase-labeled anti-mouse immunoglobulin (Ig; ICN Pharmaceuticals, Inc., Solon, OH) was used as the secondary Ab. Protein was detected using the ECL Plus Western Blotting Detection System (Amersham Pharmacia Biotech, Uppsala, Sweden).
Animals and immunization. Eight-week-old BALB/c female mice were purchased from Japan SLC, Inc. (Hamamatsu, Japan). The mice were housed in the animal center located at Yokohama City University and maintained on a 12-h day-night cycle. The mice were intramuscularly (i.m.) immunized three times with 10 10 particles of the AAV vector at 2-week intervals. Enzyme-linked immunosorbent assay. The enzyme-linked immunosorbent assay was performed as described elsewhere (63, 65) . To summarize, 96-well microtiter plates were coated with 1 g/ml of HIV SF2 gp120 protein (donated by the AIDS Research and Reference Reagent Program, National Institutes of Health) and incubated overnight at 4°C. The wells were blocked with PBS containing 1% bovine serum albumin (BSA) for 2 h at room temperature. They were then treated with 100 l of serially diluted antisera and incubated for an additional 2 h at 37°C. The bound immunoglobulin was quantified using an affinity-purified horseradish peroxidase-labeled anti-mouse antibody (Sigma). The mean antibody titer was expressed as the reciprocal of the serial serum dilution that exceeded the assay background by 2 standard deviations.
IFN-␥ ELISPOT assay. Two weeks after the final immunization, a gamma interferon (IFN-␥) ELISPOT assay was performed as described previously (62) . In brief, MultiScreen-IP plates (Millipore, Bedford, MA) were coated with 50 l of 10-g/ml purified rat anti-mouse IFN-␥ antibody (XMG1.2; PharMingen, San Diego, CA) in PBS overnight at 4°C. The plate was then blocked with PBS containing 5% BSA and 0.025% Tween 20 for 2 h at room temperature. Lymphocytes (1 ϫ 10 5 to 10 ϫ 10 5 ) isolated from the spleen were added to each well in triplicate. The spleen cells were stimulated with or without 10 g/ml of the HIV V3 peptide (RGPGRAFVTI) for 24 h at 37°C. After incubation, the cells were removed and incubated with 0.5 g/ml of biotinylated anti-mouse IFN-␥ antibody (PharMingen) for 2 h at 37°C, followed by the addition of 100 l/well of 0.2% alkaline phosphatase-streptavidin (Vector Laboratories, Burlingame, CA) in PBS containing 0.05% Tween 20 and 5% BSA for 1.5 h. Finally, the plate was treated with 50 l/well of 5-bromo-4-chloro-3-indolylphosphate-nitroblue tetrazolium membrane phosphatase (Kirkegaard and Perry Laboratories, Gaithersburg, MD) at room temperature for 20 min, and the reaction was terminated by holding the plate under running distilled water. The number of spots was counted using a computer-assisted video image analyzer. The results were expressed as spot-forming cells (SFC) per million cells.
Tetramer assay. The tetramer assay was performed as described previously (62) (63) (64) (65) . The H-2D d /p18 tetramer (RGPGRAFVTI) labeled with PE was prepared by ProImmune Limited (Oxford, United Kingdom). In brief, mouse splenocytes were incubated with 4% healthy mouse serum in PBS for 15 min at 4°C. The cells were stained with fluorescein isothiocyanate (FITC)-labeled antimouse CD8␣ (Ly-2; PharMingen) at 0.5 g/10 6 cells for 30 min at 4°C. After two washes in staining buffer (3% fetal calf serum, 0.1% NaN 3 in PBS), the cells were incubated with the tetramer reagent for 30 min at 4°C and analyzed by flow cytometry.
In vivo CTL assay. The assay was performed as previously described (52) . Briefly, cytotoxic T-lymphocyte (CTL) target cells were derived from naïve splenocytes and then pulsed with 10 g/ml of the HIV V3 peptide (RGPGRAFVTI) or with no peptide at 37°C for 1 h. Peptide-pulsed cells were labeled with a high concentration of carboxyfluorescein diacetate succinimidyl ester (CFSE; 5 M; Molecular Probes, Eugene, Oreg.), or unpulsed cells were labeled with a low concentration of CFSE (0.5 M). Cells were then washed and enumerated. For the in vivo CTL assay, 5 ϫ 10 6 pulsed and 5 ϫ 10 6 unpulsed cells were combined into a final 200 l of PBS and intravenously injected into vaccinated mice. Mice were killed 24 h after in vivo target cell incubation. The mouse splenocytes were analyzed by flow cytometry. The percent in vivo killing of CFSE-labeled target cells was defined as the relative loss of such cells after in vivo incubation and thus was taken as the measure of CTL. It was calculated using the formula % killing ϭ [1 Ϫ (unpulsed cells/peptide-pulsed cells from unimmunized control)/(unpulsed cells/peptide-pulsed cells from immunized group)] ϫ 100.
Surface expression of HIV gp120 and ex vivo transduction. To investigate whether the AAV-HIV-transduced DCs could present the HIV peptide to T cells, mouse bone marrow-derived DCs were transduced with AAV-HIV vectors at 10 5 vp/cell at 37°C for 2 days. To explore whether HIV gp160 is expressed on the surface of DCs, the AAV-HIV-transduced DCs were stained with HIV gp120 MAb (hybridoma 902) followed by FITC-conjugated rabbit anti-mouse IgG and PE-conjugated anti-mouse CD11c antibody (clone N418; eBioscience). The cells were analyzed by flow cytometry. Enriched mouse DCs were transduced with the AAV-HIV vectors for 2 h and then washed with PBS, and 10 5 cells were intravenously administered to recipient BALB/c mice. One week after the administration, HIV-specific responses were detected by a tetramer assay.
Data analysis. All the values are expressed as means Ϯ standard errors. Statistical analysis of the experimental data and controls was conducted using one-way factorial analysis of variance. Statistical significance was defined as a value of P Ͻ 0.05.
RESULTS
Different expression levels of AAV serotype vectors in mouse muscle. Muscular cells are one of the major targets transduced when viral vectors are delivered via the i.m. route. In this study, the relative efficiency with which various AAV serotype vectors were transduced and expressed in vivo was explored. Mice were injected i.m. with AAV serotype vectors carrying the lacZ gene. ␤-Galactosidase activity was monitored periodically from 1 week through 6 months after administration. Results show that the AAV1 and AAV7 vectors elicited significantly higher ␤-galactosidase activity than the AAV2, AAV3, and AAV4 vectors, with AAV5 and AAV8 yielding intermediate levels of expression at 2 weeks after administration (Fig. 1) . We found that AAV expression was maximal 2 to 4 weeks after AAV vector administration, although ␤-galactosidase activity remained elevated for up to 6 months (data not shown).
Strong tropism of AAV5 for mouse DCs. The ability of each AAV serotype to transduce DCs was then examined. Enriched CD11c ϩ DCs were purified and incubated for 2 days with 10 observed in cells treated with AAV5 vector, weaker staining in those treated with AAV2, and none in cells exposed to the other AAV serotypes. Similar results were obtained when purified CD11c ϩ DCs were incubated with 10 3 to 10 5 vp/cell, and X-Gal expression was monitored by flow cytometry. As the dose of vector increased, up to 96.5% of DCs were transduced by the AAV5 vector and 45.7% by the AAV2 vector, but Ͻ10% for all other vectors (Fig. 2b) . Similar results were observed using enriched bone marrow-derived immature DCs (Fig. 2c) . Of note, the AAV5 vector strongly transduced both bone marrow-derived CD11c ϩ cells and CD11c Ϫ cells (Fig.  2c) . Further study demonstrated that AAV5 transfected most unpurified bone marrow cells, whereas AAV2 was much less effective and other AAV serotypes largely ineffective (Fig. 3) . AAV5 was also effective at transducing T cells (Ͼ85% of CD3 ϩ cells) and macrophages (Ͼ30% of CD11b ϩ cells), but less than 10% of T cells and macrophages were transduced by other AAV serotypes (Fig. 3) . However, there was no significant difference in the abilities of various vectors to transduce B cells (Ͻ15%).
Strong tropism of AAV5 for human DCs. To explore the transduction efficiency of AAV5 for human target cells, DCs were prepared from human PBMCs. At an infection dose of 10 5 vp/cell, 26.8% of enriched human CD11 ϩ DCs were transduced by AAV5, but less than 5% of DCs were transduced by other serotypes (Fig. 4) . The cellular tropism of AAV5 was also examined by flow cytometry. AAV5 infected 56.4% of CD3 ϩ T cells (Fig. 4) and 23.5% of CD11b ϩ macrophages (Fig. 4) . However, other serotype vectors were poorly transduced into both T cells and macrophages (Ͻ5%, Fig. 4 ). No significant difference in transduction of CD19 ϩ B cells was observed among AAV serotype vectors (Ͻ10% of B cells). In general, human DCs, macrophages, and T cells were transduced less effectively by AAV5 than were murine cells, perhaps reflecting differences in AAV5 receptor expression between these two species.
Similar immunogenicities of AAV vectors produced by HEK293 cells and insect cells. Difficulty in producing hightitered AAV stocks has limited the clinical utility of this class of vectors. To resolve the problem, AAV vectors have been produced utilizing baculovirus in insect cells (42, 56, 58) and herpes simplex virus (8, 14) . In this study, HEK293 cells were infected with 10 5 vp/cell of AAV-HIV vectors and the expression of AAV-HIV vectors was confirmed by Western blotting (Fig. 5a ). HIV gene expression by AAV1 and AAV2 vectors was slightly stronger than that by other serotype vectors. The Expression levels of insect cell-produced AAV vectors similar to those of HEK293-produced corresponding AAV vectors were observed. Again, as seen in Fig. 6 , similar cell-mediated immune responses were elicited by the corresponding AAV vectors. However, AAV vectors derived from insect cells were slightly more effective at inducing humoral immune responses than vectors derived from HEK293 cells (Fig. 5b) . This may be due to vector contamination by baculovirus components, since baculovirus itself can have an adjuvant effect on vaccine-induced immune responses (1, 22) . AAV-HIV immunization stimulates a humoral immune response. To explore the immunogenicity of the AAV vectors, BALB/c mice were immunized three times with 10 10 vp of various AAV-HIV vectors. The resultant HIV-specific serum Ab response was examined 1 month after the last boost. The strongest HIV-specific serum IgG response was generated in mice immunized with the AAV5-HIV vector; the poorest humoral responses were observed in mice immunized with AAV3-HIV or AAV4-HIV (Fig. 5b) . AAV1-HIV, AAV7-HIV, and AAV8-HIV induced intermediate humoral responses (Fig. 5b) .
AAV-HIV immunization stimulates a cellular immune response. The induction of HIV-specific IFN-␥-secreting cells was then examined in the immunized mice. As observed for humoral immunity, animals immunized with the AAV5-HIV vector generated the strongest cellular immune response (1,500 SFC/million cells). The AAV1, AAV2, AAV7, and AAV8 HIV vectors also stimulated Ͼ300 IFN-␥-secreting SFC/million spleen cells, whereas the AAV3-and AAV4-HIV vectors elicited significantly weaker cellular responses (P Ͻ 0.05, Fig. 6a ). The AAV5-HIV produced by either HEK293 or insect cells induced significantly higher cellular immune responses than the AAV1-HIV produced by corresponding cells.
A tetramer binding assay was used to identify major histocompatibility complex class I-restricted HIV-specific T cells (3) . Mice immunized with the AAV1-, AAV5-, and AAV7-HIV vectors induced strong HIV-specific CD8 ϩ T-cell responses (Ͼ2%, Fig. 6b) , and AAV2-HIV was intermediate (1.2%), while AAV3-and AAV4-HIV elicited only 0.4% HIVspecific CD8 ϩ T cells. An in vivo CTL assay was used to detect vaccine-elicited cell-mediated immune responses. Whereas the AAV3-, AAV4-, and AAV8-HIV vectors elicited approximately 40% CTL activity, the AAV1-, AAV5-, and AAV7-HIV vectors were significantly more effective (generally Ͼ50% activity), with the AAV2-HIV vector being intermediate (Fig. 6c) . vp/cell). The expression of HIV gp160 protein on the surface of mouse DCs was confirmed by anti-mouse HIV gp120 monoclonal antibody and anti-mouse CD11c antibody staining followed by flow cytometric analysis. HIV gp160 protein was detected in 13.5%, 19.4%, and 65.2% of CD11c ϩ DCs which were transduced with AAV1-HIV, AAV2-HIV, and AAV5-HIV vectors, respectively (Fig. 7a) . On the other hand, enriched mouse DCs were transduced with AAV-HIV vectors and injected into naïve recipients. Seven days later, HIV-specific tetramer binding CD8 ϩ cells were quantified using the tetramer assay. Recipients of the AAV2-HIV (0.6%)-and AAV5-HIV (2.1%)-transduced cells had significantly higher HIV peptide-binding CD8 ϩ T cells than the AAV-LacZtreated control (0.0%) (Fig. 7b) . In contrast, a weak immune response was observed in recipients of AAV1-HIV vectortransduced cells (0.1%).
DISCUSSION
The present study demonstrates that AAV5 is a superior vector for achieving humoral and cellular immune responses, and the immunogenicity of AAV vectors depends on their tropism for both antigen-presenting cells (APCs) (such as DCs) and non-antigen-presenting cells (such as muscular cells).
Consistent with previous studies, AAV-HIV vectors of different serotypes had distinct effects on the induction of HIVspecific humoral and cell-mediated immune responses (10, 17, 20, 28, 31, 38, 40, 53, 65, 66) . However, most of these studies examined the durability of transgene expression after i.m. administration of the AAV vector but did not typically monitor cell-mediated immune responses against the encoded antigen (19, 32, 61) . In contrast to studies in which the AAV vector encoded a self protein (as in gene therapy) or in which a neoantigen was used to evaluate long-term expression (such as ␤-galactosidase), the immune response elicited by our HIV Env gp160-encoding vector was quite strong (10, 17, 20, 28, 31, 38, 40, 53, 65, 66) . Most currently used AAV vectors for vaccine or gene therapy are based on the AAV2 serotype (10, 17, 20, 28, 31, 38, 40, 53, 65, 66) . The current work compared the immunogenicity of AAV2-HIV to that of other AAV serotype-based vectors and found that the AAV5 vector induced the strongest cellular and humoral immune responses. This finding may help in the development of novel AAV vector-based vaccines, particularly because natural immunity to AAV5 is rare (30) . Of note, while we used a prime/boost regimen involving repeated administration of the same AAV serotype vector, it may be even more effective to prime with one serotype and boost with another (since neutralizing Abs raised against the first vector are unlikely to cross-react with a different serotype) (48) .
Following vaccination with the AAV vector, antigen-specific immune responses can be induced through at least two pathways. In one of the pathways, the vaccine vector directly infects APCs, such as DCs, where the encoded antigen is expressed. The antigen is then processed and presented by APCs to T cells (Fig. 7) (65) . The percentage of HIV gp160 ϩ CD11c ϩ cells in Fig. 7a was lower than the percentage of FDG ϩ CD11c ϩ cells in Fig. 2c . This may be due to the presentation of HIV gp160 peptides by DCs present in culture. In the other pathway, the vaccine vector infects non-APCs, such as muscle cells. APCs take up the antigen expressed by the infected cells and present peptides from the exogenous antigen to T cells by major histocompatibility complex class I-restricted cross-presentation. It has been known that adenovirus vectors may use both pathways; however, AAV2 relies on the latter pathway due to a low efficiency of transfection of DCs (53) . Current findings indicate that AAV1, AAV-HIV VACCINEAAV7, and AAV8 vectors preferentially infect muscle cells, whereas the AAV5 vector optimally infected DCs (Fig. 1 to  4 and 7) . Following i.m. administration, all four vectors induced higher HIV-specific immunogenicity than the AAV2 vector ( Fig.  5 and 6 ). DCs are primarily responsible for stimulating resting naïve T lymphocytes and initiating a CTL response (5) . Immature DCs residing in the peripheral tissues capture foreign antigens, mature, and then migrate to secondary lymphoid organs, where the processed antigen is presented. To determine whether DCs might contribute to the immune responses induced by the AAV-HIV vector, enriched DCs were transduced with the AAV5-HIV vector and transferred into naïve mice. As seen in Fig. 7b , recipients generated HIV-specific tetramer binding CD8 ϩ T cells. These results demonstrate that DCs can present vector-encoded antigen to naïve T cells efficiently. In this context, the levels of immune response induced by the AAV1-HIV, AAV2-HIV, and AAV5-HIV vectors correlated with their tropism for DCs (70) .
A number of studies show that recombinant AAV vectors can be used to transduce DCs (2, 13, 32, 35, 39, 46, 49, 53, 70) . Current results document that AAV5 can transfect mouse and human DCs much more efficiently than other AAV serotype vectors ( Fig. 2 to 4 ). In addition, AAV5 was efficiently transduced into T cells and macrophages ( Fig. 3 and 4) , which may be useful for gene therapy of diseases involving hematopoietic cells (4, 26, 43, 57, 59, 69) .
Eight AAV serotypes (AAV1 to AAV8) have been described, with each serotype having unique binding and cell tropism characteristics (6, 11, 12, 21, 44, 50, 60) . A primary coreceptor for AAV5 is sialic acid, while the platelet-derived growth factor receptor is involved in the binding and cell entry of AAV5 (15) . Platelet-derived growth factor receptor is mainly expressed on fibroblasts, smooth muscle cells, glial cells, and chondrocytes but not on hematopoietic cells. Surprisingly, we found that AAV5 was efficiently transduced into hematopoietic cells (Fig. 3 and 4) , suggesting that another receptor(s) may be used by AAV5 for cell entry.
The AAV2 vector can be produced in insect cells by using baculovirus expression vectors in suspension culture, a strategy that is amenable to easy scale-up (58) . In this study, AAV1, AAV2, and AAV5 vectors expressing the HIV gp160 gene were prepared using either insect cells or HEK293 cells. Similar immune responses were obtained using vectors produced by either method (Fig. 5b and 6 ), indicating that insect cellproduced AAV vectors should be considered for the large-scale preparation of AAV vectors.
In summary, this is the first report that systematically compares DC tropism and immunogenicity of AAV serotype vectors. Results show that AAV5 vectors can efficiently transduce DCs and produce stronger antigen-specific immune responses than other AAV vectors. Thus, AAV5-based vectors deserve further consideration for clinical vaccine development and immune therapy.
